Objective-Our laboratory and others have found that deficiencies in cellular thiols may be importantly involved in the development of diabetic complications. However, the role for specific thiol-related genes in diabetic complications is unclear. Methods and Results-We began the present study by systematically determining the expression level of 11 thiol-related genes in three tissues from rats with streptozotocin-induced diabetes. Several thiol-related genes were found to exhibit diabetes-associated, time-dependent differential expression. Thioredoxin 2, a mitochondrion-specific thioredoxin whose role in diabetes was unknown, was suppressed in the aorta from rats with two weeks of diabetes. When thioredoxin 2 expression in human umbilical vein endothelial cells was knocked-down by small interfering RNA, high-ambient glucose-elicited substantial injurious effects (nϭ5 to 9, PϽ0.05), including increases in cytosolic cytochrome c (by 2.2Ϯ0.6-fold), lipid peroxidation (by 40Ϯ8%), fibronectin expression (by 35Ϯ7%), and oxidized glutathione, and decreases in endothelial nitric oxide synthase expression (by 79Ϯ15%), basal accumulation of nitrite/nitrate (by 68Ϯ16%), total free thiols (by 42Ϯ8%), and glutathione (by 6Ϯ1%). In the absence of thioredoxin 2 knockdown, high-ambient glucose did not have significant effects on any of these measurements. The effect of thioredoxin 2 knockdown appeared to be associated with increases in glucose consumption and glucose transporter 1 expression. 
H yperglycemia is the main factor leading to the development of many chronic complications in diabetes mellitus. 1,2 However, the mechanism by which hyperglycemia leads to cell and tissue injury remains to be fully understood. Among several pathways that have been associated with the development of diabetic complications, 3 cellular thiols have emerged as playing an important role.
The thiol group is present in the amino acid cysteine, which can be found in many cellular peptides or proteins. Thiol groups can be oxidized to form disulfide. The oxidation of the thiol groups in several peptides or proteins is specifically coupled with the reduction of other molecules. These thiol antioxidative peptides or proteins, such as glutathione, thioredoxin, and so on, play an important role in the cellular antioxidative defense as well as the regulation of cellular functions involving the thiol-disulfide exchange. In addition to the genes directly encoding thiol antioxidative proteins, several other genes also contribute to the regulation of thio-related mechanisms by encoding proteins that are involved in the action and metabolism, such as synthesis and recycling, of the thiol antioxidative peptides or proteins.
Disturbances of thiol-related mechanisms have been observed in diabetes. For instance, plasma levels of proteinbound thiols were found to be lower in type 2 diabetic patients compared with their controls. 4 Consistent with an important role of cellular thiols in the development of diabetic complications, treatment with ␣-lipoic acid, a disulfide-containing compound that can be reduced to form dihydrolipoic acid, has been shown to ameliorate diabetic complications. 5 Moreover, several thiol related genes have been found to be differentially expressed between diabetic subjects and their controls, or between cells exposed to high and normal levels of ambient glucose. 6, 7, 8, 9 A major gap in the knowledge regarding the role of cellular thiols in diabetic complications is the lack of a systematic view of thiol-related mechanisms and genes during the progression of diabetic complications. Furthermore, the specific role of many thiol related genes, particularly the newly discovered members of this gene family, in diabetic complications remains poorly understood. The goal of the present study was to begin to address these questions using the combination of a targeted profiling approach and an in-depth exploration of new functional roles of selected genes suggested by the targeted profiling.
Methods and Materials Streptozotocin Model of Diabetes
Male Sprague-Dawley rats (Harlan, Indianapolis, Ind) weighing 250 to 300 grams were treated with streptozotocin (55 mg/kg body weight) to produce type 1 diabetes as we described previously. 8, 9 Insulin treatment was started 24 hours after the streptozotocin injection in one half of the streptozotocin-treated rats that were confirmed to have become diabetic. Insulin treatment was given in the form of Linplant, a sustained release insulin implant (LinShin Canada, Scarborough, Ontario). The rats were anesthetized with isoflurane and one and one-half pieces of Linplant were implanted subcutaneously between the shoulder blades following the manufacturer's instructions. The implantation was repeated after six weeks for the long-term treatment group. Blood glucose and body weight were monitored throughout the experiment and summarized in supplemental Figure I (available online at http://atvb.ahajournals. org). Rats were euthanized 2 or 12 weeks after the streptozotocin treatment, and the abdominal aorta, the renal cortex, and the retina were harvested for further analysis. The time points selected represented initial and established stages of diabetes, and the tissues analyzed were known to be the main targets of diabetic complications. In total, 35 rats divided into 6 groups (control, diabetes, and insulin-treatment, for 2 or 12 weeks) were analyzed.
Real-Time Polymerase Chain Reaction
Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, Calif). Quantitative real-time polymerase chain reaction (PCR) analysis using the Taqman method and the ABI Prism 7900HT system (Applied Biosystems, Foster City, Calif) was performed as we described previously. 9 The sequences of the primers and probes are shown in supplemental Table I ; 18S rRNA was measured in parallel with genes of interest and used as an internal normalizer.
Cell Culture
Human umbilical vein endothelial cells (HUVECs), human dermal microvascular endothelial cells, and human aortic endothelial cells were obtained from Cambrex (East Rutherford, NJ). The cells were isolated with informed consent and characterized by the vendor. The endothelial growth medium provided by Cambrex contained a cell type-specific basal medium supplemented with 2% or 5% fetal bovine serum, as well as GA-1000 (Gentamicin, Amphotericin-B), cortisol, and various growth factors at proprietary concentrations. The endothelial growth medium contained approximately 5 mmol/L D-glucose. The high-glucose medium and the control were prepared by adding 20 mmol/L of D-glucose and L-glucose, respectively. Cells were used between passages 3 and 6.
Small Interfering RNA (siRNA) and Transfection
The guidelines that we followed when designing siRNA used in this study included a length of 21 bases, starting with AA, Ͼ50 bases downstream from the start codon, Ϸ50% GC content, and no significant homology with any nontarget genes. The sequences of siRNAs (5Ј to 3Ј) used were as follows: siRNA targeting human thioredoxin 2, GAAGCUGAUUGGCUGACAAdTdT and UUGUCAGCCAAUCAGCUUCdTdT; control siRNA targeting luciferase that had no sequence homology with any mammalian genes, CUUACGCUGAGUACUUCGAdTdT and UCGAAGUACUCAGCGUAAGdTdT. SiRNAs were synthesized by Qiagen (Valencia, Calif). SiRNAs were transfected into HUVECs using Oligofectamine (Invitrogen) in the complete culture medium following the manufacturer's instructions. The volume ratio between siRNA at 20 mol/L and Oligofectamine was 1:1.
Western Blot
Western blot analysis was performed essentially as we described previously. 10, 11, 12 Total cell homogenate was prepared in 20 mmol/L Hepes (pH 7.4), 1 mmol/L EDTA, and 1 mmol/L phenylmethylsulfonyl fluoride. The cytosolic fraction was obtained by centrifugation at 100 000g, 4°C, for 1 hour. Equal amounts of protein were combined with Laemmli buffer containing 5% ␤-mercaptoethanol prior to SDS-PAGE. The primary antibody for thioredoxin-2 was obtained from Abcam (Cambridge, Mass), that for eNOS from BD Biosciences (San Jose, Calif), and those for cytochrome c and glucose transporter 1 from Santa Cruz Biotechnology (Santa Cruz, Calif).
Other Biochemical Assays
Glutathione (GSH) was measured in de-proteinized cell homogenate using an enzymatic kinetic method (Cayman Chemical, Ann Arbor, Michigan). Oxidized glutathione (GSSG) was measured similarly after GSH was derivatized with 2-vinylpyridine. 8-isoprostane was measured using an enzyme immunoassay (Cayman Chemical). Cellular samples were hydrolyzed with KOH and purified with affinity columns prior to analysis. Glucose concentration was analyzed using a glucometer, and cellular reduced thiols were analyzed using Ellman's reagent. 8, 9 Thiobarbituric acid reactive substance was quantified as an index of lipid peroxidation. 8, 9, 11, 13 Total nitrite and nitrate was measured using a colorimetric assay involving nitrate reductase and the Griess reagents (Cayman Chemical). The measurements were normalized by total cellular protein. In the case of glucose consumption, the measurements were also normalized by cell number.
Statistics
Experiments using cultured cells were repeated at least three times with each performed in duplicate or triplicate cell preparations. Data shown are meanϮSEM. Student t test or analysis of variance was performed when appropriate. PϽ0.05 was considered significant.
Results

Expression Profile of Thiol-Related Genes in Streptozotocin Diabetes
As the first step for investigating the role of thiol related genes in diabetic complications, we performed a targeted profiling of the mRNA expression level of thiol related genes in rats with streptozotocin-induced diabetes. We used the Taqman real-time PCR technique to analyze 11 genes in the abdominal aorta, the renal cortex, and the retina from 35 rats (control, diabetes, or insulin treatment, at 2 or 12 weeks after the streptozotocin injection, nϭ4 to 7). The study involved nearly 3000 Taqman real-time PCR reactions. A gene was considered exhibiting diabetes-associated differential expression if the differential expression between control and diabetes groups was significantly attenuated by the insulin treatment.
As shown in Figure 1 , thiol-related genes exhibited robust differential expression associated with streptozotocin diabetes. In the aorta, thioredoxin 2, glutathione reductase, and thioredoxin reductase were suppressed by 2 weeks of diabetes, whereas thioredoxin interacting protein, known to inhibit thioredoxin, 14 and thioredoxin 2 reductase were upregulated by 12 weeks of diabetes. In the renal cortex, glutathione peroxidase 1, glutathione reductase, and glucose-6-phosphate dehydrogenase were upregulated by 2 weeks of diabetes. By 12 weeks, most of the adaptational response in the renal cortex was lost, and thioredoxin interacting protein was upregulated. In the retina, thioredoxin interacting protein was upregulated in diabetic rats at both 2 and 12 weeks. The complete set of the real-time PCR data are shown in supplemental Table II .
Endogenous Thioredoxin 2 Protects Cells Against High-Ambient Glucose
We decided to further investigate the functional role of thioredoxin 2. As shown in Figure 1 and supplemental Table  II , thioredoxin 2 (Trx-2) mRNA was suppressed by 2 weeks of streptozotocin diabetes in the aorta, which was normalized by the insulin treatment. Similar changes occurred at the protein level ( Figure 2C and 2D). Thioredoxin 2 is a thioredoxin-like protein specifically localized to mitochondria and has been shown to participate in the regulation of apoptosis, oxidative stress, and mitochondrial bioenergetics. [15] [16] [17] [18] [19] [20] We hypothesized that endogenous thioredoxin 2 was Figure 1 . Expression profile of thiol related genes in streptozotocin-induced diabetes. A, 11 genes (bold font) were placed into a simplified diagram depicting the thiol-related anti-oxidative mechanism. A dash arrow indicates inhibition. The mRNA level of these genes was analyzed using Taqman real-time PCR in control, diabetic, or insulin-treated rats as described in the text (nϭ4 to 7). ROOH, peroxide. B, Genes exhibiting diabetes-associated differential expression. A gene was considered exhibiting diabetes-associated differential expression if its differential expression between control and diabetes groups was significantly attenuated by the insulin treatment. See supplemental Table II for the complete set of the real-time PCR data.
Figure 2.
Knockdown of thioredoxin 2 expression by siRNA. HUVECs were treated with siRNA targeting human thioredoxin 2 (si-Trx-2) or a control siRNA targeting luciferase (si-Luc) as described in Methods (nϭ6). Cells were treated for 48 hours for the dose-response study (A), and with 100 nM siRNA for the time course study (B). Thioredoxin 2 (Trx-2) mRNA levels were measured using Taqman real-time PCR. Cells were treated with 100 nM siRNA for 48 hours for the protein analysis. Representative Western blots of HUVECs as well as rat aorta tissue are shown in (C), and a summary of band density shown in (D) (nϭ5 to 6, *PϽ0.05 vs control or si-Luc).
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important for buffering the injurious effect of high ambient glucose on vascular cells and that suppression of thioredoxin 2 would permit or exacerbate the injurious effect of high glucose. HUVECs constitutively expressed thioredoxin 2 ( Figure  2 ). Treatment of HUVEC with high-ambient glucose for 48 hours did not significantly alter the level of lipid peroxidation, measured as thiobarbituric acid reactive substance, or the expression level of fibronectin, an extracellular matrix protein, compared with the L-glucose control. The highglucose treatment modestly suppressed the thioredoxin 2 mRNA level by 22Ϯ5% (nϭ11, PϽ0.05).
To examine whether the constitutively expressed thioredoxin 2 was protecting the cells against the high ambient glucose treatment, we used siRNA to knockdown thioredoxin 2. As shown in Figure 2A and 2B, siRNA targeting thioredoxin 2 (si-Trx-2), but not the control siRNA (si-Luc), dose-dependently reduced the mRNA expression level of thioredoxin 2. The 70% to 80% suppression of Trx-2 mRNA occurred within a few hours of the siRNA treatment. The Trx-2 protein level was reduced by si-Trx-2 to 48Ϯ15% of control ( Figure 2C and 2D) .
High-ambient glucose elicited significant injurious effects on HUVEC after thioredoxin 2 was knocked down. As shown in the Table, after thioredoxin 2 knockdown (si-Trx-2), high-ambient glucose significantly decreased the level of total cellular free thiols by 42Ϯ8% and glutathione by 6Ϯ1% and increased the level of thiobarbituric acid reactive substance by 40Ϯ8%, fibronectin expression by 35Ϯ7%, and cytosolic cytochrome c, an index of apoptosis, by 2.2Ϯ0.6-fold. After thioredoxin 2 knockdown, the level of oxidized glutathione was undetectable when the cells were cultured with normal glucose, but became readily detectable when exposed to high glucose. After the control siRNA (si-Luc) treatment, high-ambient glucose did not have significant effects on any of these measurements except there appeared to be decreases in total free thiols and oxidized glutathione, neither of which reached statistical significance. Levels of 8-isoprostane in the cells or the culture medium were not altered by high glucose after either control siRNA (si-Luc) or thioredoxin 2 siRNA (si-Trx-2). Treatment with si-Trx-2, independent of high glucose, significantly increased cytosolic levels of cytochrome c, which was consistent with the anti-apoptotic effect of Trx-2 previously reported. 16 -19 Paradoxically, si-Trx-2 decreased cellular levels of 8-isoprostane.
Nitric oxide generated by endothelial nitric oxide synthase (eNOS) is important for normal endothelial function. The knockdown of thioredoxin 2 permitted high-ambient glucose to substantially suppress eNOS expression by 79Ϯ15% (Figure 3A) , which was accompanied by a 68Ϯ16% decrease in the basal accumulation of nitric oxide metabolites, nitrite and nitrate, in the culture medium ( Figure 3B ). It should be noted that thioredoxin 2 knockdown per se, independent of high glucose, decreased the eNOS expression level by Ϸ30%. The ability of thioredoxin 2 to protect eNOS expression from high glucose was not limited to HUVECs. In human dermal microvascular endothelial cells, thioredoxin 2 siRNA reduced *Exhibiting significant difference between the effect of high glucose after si-Trx-2 treatment and that after si-Luc (nϭ5 to 9). Other differences are described in the text. Figure 3 . High-ambient glucose suppressed the expression of eNOS only after thioredoxin 2 knockdown. HUVECs were treated with siRNA for 48 hours, and then exposed to the high glucose medium or the L-glucose control for another 48 hours (nϭ6 to 9). The levels of eNOS protein (A) and nitric oxide metabolites nitrite and nitrate (B) were analyzed in cell lysate and culture supernatant, respectively, as described in Methods. *PϽ0.05 vs NG. Si-Luc, control siRNA; si-Trx-2, thioredoxin 2 siRNA; NG, normal glucose; HG, high glucose.
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thioredoxin 2 mRNA by 89Ϯ2%, and permitted high-ambient glucose to decrease the eNOS expression level by 41Ϯ6% (nϭ6). In human aortic endothelial cells, thioredoxin 2 siRNA reduced thioredoxin 2 mRNA by 77Ϯ10%, and decreased eNOS levels by 32Ϯ13%. Thioredoxin 2 siRNA followed by high glucose reduced eNOS levels by 67Ϯ3% (nϭ6).
Potential Mechanisms for the Protective Effect of Thioredoxin 2
Increased glucose flux through its various metabolic pathways in the cell and the subsequent generation of toxic byproducts is believed to be the main mechanism mediating the injurious effect of high ambient glucose. 3 Interestingly, the increase in glucose consumption in HUVECs treated with high-ambient glucose, compared with L-glucose control, was minimal ( Figure 4A ). Such increase became significant (79Ϯ15%) only after thioredoxin 2 was knocked down by siRNA ( Figure 4A ). Similar results were obtained when glucose consumption was normalized by cell number. Concomitantly, high-ambient glucose significantly downregulated the expression level of glucose transporter 1, which is the main glucose transporter in many endothelial cell types, by 62Ϯ14%. Thioredoxin 2 knockdown significantly attenuated the downregulation of glucose transporter 1 induced by high ambient glucose ( Figure 4B ). Some cell types can deplete glucose in the culture medium containing a normal level of glucose over a few days, confounding the interpretation of the effect of high glucose. 21 That did not appear to be the case for HUVECs because Ϸ60% of the glucose remained in the medium after 48 hours if the cells were 80% to 95% confluent and 1 mL of the regular medium (containing 5 mmol/L D-glucose) was used for every 5 cm 2 of growth area.
Discussion
The present study has made 2 major contributions. It provided the first systematic expression profile of the thiol-related genes in a model of diabetes, and demonstrated a novel protective role for thioredoxin 2 against high ambient glucose.
We and others have examined the global gene expression profile in various diabetic models mainly using the DNA microarray technology. 9, [22] [23] [24] [25] The present study took a different approach of targeted profiling focused on a specific group of genes, namely, the thiol-related genes. The targeted profiling approach allowed us to take advantage of the specificity, sensitivity, and high-throughput capability of the Taqman real-time PCR technique, the putative gold standard in mRNA quantification. The genes we examined were a broad and substantive, although not exhaustive, representation of thiol-related genes. The result was a clear view of the robust response of thiol-related genes to the streptozotocin model of diabetes as shown in Figure 1 . One should be cautious in extrapolating mRNA levels, examined in the present study, to protein or enzymatic activity levels. Nevertheless, the robust response of thiol-related genes observed in the present study supports the presence of an important role for cellular thiols in the development of diabetic complications that has been suggested by previous pharmacological and biochemical analyses. 4, 5, 6, 7, 8, 9 The response of the thiol-related genes to the streptozotocin diabetes was largely tissue specific. Suppression of thiol anti-oxidative genes was observed only in the aorta after 2 weeks of diabetes. The renal cortex appeared to attempt to adapt by upregulating antioxidative thiol genes at 2 weeks, consistent with our previous findings. 9 The adaptation appeared to diminish by 12 weeks. The only change common to all tissues examined was the up-regulation of thioredoxininteracting protein after 12 weeks of diabetes. Thioredoxininteracting protein has been shown to be upregulated in models of hyperglycemia in vivo and in vitro, and may contribute to hyperglycemia-induced oxidative stress and other damages. 26, 27 The tissue specificity in the response of thiol genes seen in the present study was consistent with the finding in our previous study of gene expression profiles on the near-genome scale. 9 While the precise mechanism underlying the tissue specificity is not clear, the data indicate the presence of distinct adaptational or maladaptational responses to streptozotocin diabetes in different organs, possibly in part because of the difference in their cell type compositions.
Mammalian thioredoxin 2 is a recently discovered member of the family of thiol-related genes and has been characterized only to a limited extent. Mammalian thioredoxin 2 contains the conserved thioredoxin-active site, Trp-Cys-GlyPro-Cys, and a mitochondrial signal sequence at the N Figure 4 . High-ambient glucose increased glucose consumption after thioredoxin 2 knockdown. HUVECs were treated with siRNA for 48 hours, and then exposed to the high-glucose medium or the L-glucose control for another 48 hours (nϭ6 to 9), similar to that described in Figure 3 . The levels of glucose consumption (A) and glucose transporter 1 protein (B) were analyzed in culture supernatant and cell lysate, respectively, as described in Methods. *PϽ0.05 vs NG. Si-Luc, control siRNA; si-Trx-2, thioredoxin 2 siRNA; NG, normal glucose; HG, high glucose.
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terminus that explains its specific localization to mitochondria. 15 Thioredoxin 1 is usually localized to the cytosol and the nucleus. Overexpression of human thioredoxin 2 has been shown to increase mitochondrial membrane potential in the human cell line HEK-293, 17 and protect against oxidantinduced apoptosis in 143B human osteosarcoma cells. 18 Similarly, overexpression of chicken thioredoxin 2 was shown to confer resistance to mitochondria-dependent apoptosis in a chicken B-cell line. 19 In human umbilical vein endothelial cells, thioredoxin 2 was shown to interact with apoptosis signal-regulating kinase 1 in mitochondria and suppress apoptosis induced by the kinase. 20 Homozygous loss of thioredoxin 2 in mice was lethal, and the mutant embryos showed abnormal development and massive apoptosis. 16 The present study examined for the first time the role of thioredoxin 2 in the effect of high-ambient glucose. Although overexpression or knockout studies were useful for identifying the potential functional role of a gene, the alteration of thioredoxin 2 in physiological or pathophysiological conditions in vivo may be more subtle as in the case of the aorta from rats with streptozotocin diabetes shown in the present study. It is therefore particularly relevant that a partial knockdown of thioredoxin 2 achieved by RNA interference, mimicking the downregulation in the aorta of the streptozotocin rats, was sufficient to permit or exacerbate the injurious effects of high-ambient glucose on human endothelial cells as shown in the present study. Overexpression of mouse mitochondrial thioredoxin 2, thioredoxin reductase 2, or both in mouse Neuro2A cells, monkey COS-7 cells, or human Hela cells did not confer added resistance to several pro-oxidant or nonoxidant apoptotic stimuli. 28 These data together suggest that thioredoxin 2 might have to be present at levels above a critical threshold in order to protect cells, while excessive thioredoxin 2 may or may not have additional benefits depending on the specific cellular environment.
A few previous studies have reported increases of apoptosis or fibronectin expression in HUVECs treated with highambient glucose, although the evidence is not nearly as abundant as in glomerular mesangial cells. It was reported that high-ambient glucose, compared with normal glucose, increased DNA fragmentation, an index of apoptosis, in HUVECs. 29 The difference, however, was not significant at either 48 or 72 hours when the cells treated with high glucose were compared with the mannose control. 29 As shown in the present study, the increase of glucose consumption by HUVECs treated with high-ambient glucose for 48 hours was small, if any, which is consistent with the absence of substantial injurious effects. Variability seems to exist between different isolations of HUVECs, 29 which may explain some of the injurious effects seen in previous studies.
High-ambient glucose has been shown to either decrease 30, 31 or increase 32 the expression of eNOS and nitric oxide production depending on the experimental setting. Nitric oxide generated by eNOS is importantly involved in a wide variety of normal cellular function. 33 The suppression of endothelial nitric oxide synthase by high ambient glucose, possibly involving protein kinase C, 30 might contribute to endothelial injuries that are often observed in diabetic complications. The present study suggested that the endogenous thioredoxin 2 could buffer the suppressive effect of highambient glucose on eNOS.
A full investigation of the mechanisms underlying the protective role of thioredoxin 2 against high ambient glucose is beyond the scope of the present study. Nevertheless, initial efforts to identify such mechanisms have indicated an interesting role for thioredoxin 2 in the regulation of glucose uptake and/or metabolism. Glucose transporter-1 (Glut1) is the main glucose transporter found in several endothelial cell types. 34 The data from the present study was consistent with previous findings that high-ambient glucose decreased the expression level of Glut1 protein in bovine aortic endothelial cells 35 and bovine retinal endothelial cells. 36 The reduction of Glut1 expression, perhaps with additional contributions from changes in intracellular glucose metabolism, might explain why glucose consumption did not increase substantially when HUVECs were treated with high-ambient glucose. Thioredoxin 2 appeared to contribute to this apparent negative feedback response because knockdown of thioredoxin 2 attenuated the reduction of Glut1 expression and increased glucose consumption in response to high-ambient glucose.
It remains to be investigated how thioredoxin 2 contributes to the regulation of glucose metabolism and Glut1 expression. A tangible link between thioredoxin 2 and glucose metabolism is the effect of thioredoxin 2 on mitochondrial membrane potential. 17 It is possible that thioredoxin 2 affects glucose metabolism through effects on the mitochondrial bioenergetics. It is also possible that thioredoxin 2 influences the oxidative stress caused by the initial exposure to highambient glucose, which in turn elicits the apparent negative feedback response described.
In addition to further investigating the mechanism underlying the protective role of thioredoxin 2 against highambient glucose, future studies should further explore the significance of thioredoxin 2 in the development of diabetic complications in vivo. For example, it would be interesting to determine if maintaining or increasing the level of thioredoxin 2 expression could ameliorate diabetic complications. Detailed studies of the functional role in diabetic complications of other thiol-related genes identified by the present targeted profiling study will also be valuable.
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Supplemental Table 2 . Effect of streptozotocin diabetes on the mRNA expression level of thiol related genes. Note: The mRNA expression levels were analyzed using Taqman real-time PCR as described in Methods and Results. Expression levels are shown here as folds relative to the control group for each gene in each tissue at each time point. Comparisons between tissues or time points were not made because only samples from the same tissue and the same time point were analyzed in parallel on a 384-well PCR plate. Values shown in bold and larger font indicated significant differences between the streptozotocin (STZ) diabetic group and both the control and the insulin-treated groups. See Supplemental Table 1 for gene name abbreviations.
